The human breast cancer resistance protein (BCRP/ABCG2) mediates efflux of drugs and xenobiotics out of cells. In this study, we investigated the role of five basic residues within or near transmembrane (TM) 2 of BCRP in transport activity. Lys , and Lys 473 were replaced with Ala or Asp. K452A, K453D, H457A, R465A, and K473A were stably expressed in human embryonic kidney (HEK) cells, and their plasma membrane expression and transport activities were examined. All of the mutants were expressed predominantly on the plasma membrane of HEK cells. After normalization to BCRP levels, the activities of K452A and H457A in effluxing mitoxantrone, boron-dipyrromethene-prazosin, and Hoechst33342 were increased approximately 2-to 6-fold compared with those of wild-type BCRP, whereas the activities of K453D and R465A were decreased by 40 to 60%. Likewise, K452A and H457A conferred increased resistance to mitoxantrone and 7-ethyl-10-hydroxy-camptothecin (SN-38), and K453D and R465A exhibited lower resistance. The transport activities and drug-resistance profiles of K473A were not changed. These mutations also differentially affected BCRP ATPase activities with a 2-to 4-fold increase in V max /K m for K452A and H457A and a 40 to 70% decrease for K453D and R465A. These mutations may induce conformational changes as manifested by the altered binding of the 5D3 antibody to BCRP in the presence of prazosin and altered trypsin digestion. Molecular modeling and docking calculations indicated that His 457 and Arg 465 might be directly involved in substrate binding. In conclusion, we have identified several basic residues within or near TM2 that may be important for interaction of substrates with BCRP.
BCRP is a half-ABC transporter containing one nucleotide binding domain followed by one membrane-spanning domain (MSD). Thus, BCRP likely functions as a homodimer or homooligomer (Xu et al., 2004; McDevitt et al., 2006) . The MSD of BCRP consists of six transmembrane (TM) ␣-helices (Fig. 1A) , which has been confirmed in a recent study that experimentally determined the topology structure of BCRP (Wang et al., 2008) . Because BCRP is a medically important ABC efflux transporter, understanding its structure-function relationship and transport mechanism will aid in the rational design of novel modulators that could be used to overcome multidrug resistance in cancers and help predict BCRP-mediated drug disposition and xenobiotic exposure. Structurefunction studies have only recently begun to identify domains and individual amino acid residues that are important for substrate specificity and transport activity of BCRP. For example, amino acid substitutions of Arg 482 have been shown to significantly alter substrate specificity and transport activity. Rhodamine123 [Rho123; 2Ј-(4-ethoxyphenyl)-5-(4-methyl-1-piperazinyl)-5Ј-bi-1h-benzimidazole] and anthracyclines such as doxorubicin (Dox) and daunorubicin are not substrates of wild-type BCRP, but can be efficiently transported by the mutants with Gly or Thr substitution of Arg 482 Miwa et al., 2003; Ozvegy-Laczka et al., 2005) . In contrast, methotrexate is a substrate only for wildtype BCRP, but not for the mutants of Arg 482 (Mitomo et al., 2003) . Mutation analysis has also revealed that Gly 553 might be involved in the dimerization of BCRP (Polgar et al., 2006) , and the domain comprising residues 528 to 655 may be involved in oligomerization and thus important for BCRP function (Xu et al., 2007) . Arg 482 located within TM3 of BCRP at a position near the cytosolic membrane interface (Fig. 1A ) appears to be absolutely crucial for substrate specificity and transport activity. Likewise, basic residues within or near TMs have been reported to play an important role in determining substrate specificity and/or overall transport activity of other ABC transporters as well, including MRP1 (Conseil et al., 2006) , MRP2 (Ryu et al., 2000) , and P-gp (Taguchi et al., 1997) . Authors of those studies have suggested that substitutions of such basic residues may cause alterations in transportersubstrate interactions and/or subtle structural changes in the transporters at a distance. According to the recent topology structure of BCRP we determined (Wang et al., 2008) , it is worth noting that, compared with other TMs of BCRP, TM2 is rich in basic residues. Five basic residues, Lys 452 , Lys 453 , His 457 , Arg 465 , and Lys 473 , cluster within or near the TM2 of BCRP (Fig. 1B) . These residues are fully conserved among the BCRP/ABCG2 orthologs of various species (Fig. 1D) . In this study, we investigated the functional importance of the five basic residues within or near TM2 of BCRP that were replaced with either the neutral amino acid Ala or the amino acid Asp of opposite charge. The mutants were stably expressed in HEK cells, and their plasma membrane expression , and Lys 473 are indicated by shaded circles. C, helical wheel projection of the amino acid residues in the putative TM2. Squares indicate the relatively hydrophobic residues. The basic residues are labeled with their amino acid position numbers. D, the human BCRP sequence containing the putative TM2 (underlined) has been aligned with the corresponding sequences in its ABCG2 homologs and orthologs by using Clustal W. 
Materials and Methods
Materials. MX, prazosin hydrochloride, Dox, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide were purchased from Sigma (St. Louis, MO). Rho123 and diphenylcarbamyl chloridetreated trypsin were obtained from MP Biomedicals (Solon, OH). SN-38 was from Tocris Bioscience (Ellisville, MO). Fumitremorgin C (FTC) was obtained from the National Institutes of Health (Bethesda, MD). High-performance liquid chromatography-grade dimethyl sulfoxide was from Thermo Fisher Scientific (Waltham, MA). Fetal bovine serum (FBS) was purchased from HyClone Laboratories (Logan, UT). Eagle's minimal essential medium (MEM), 4Ј,6-diamidino-2-phenylindole (DAPI), phosphate-buffered saline (PBS), BODIPY FL-prazosin, Hoechst33342, trypsin-EDTA solution, and geneticin (G418) were purchased from Invitrogen (Carlsbad, CA). FuGENE HD transfection reagent was from Roche Applied Science (Indianapolis, IN). All restriction enzymes were from New England Biolabs (Ipswich, MA). Oligonucleotides used for site-directed mutagenesis were ordered from Integrated DNA Technologies, Inc. (Coralville, IA). The mouse anti-BCRP monoclonal antibody (mAb) BXP-21 was from Kamiya Biomedical (Seattle, WA). The mouse anti-human Na ϩ /K ϩ -ATPase mAb was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The goat anti-mouse horseradish peroxidase-conjugated mAb was from Bio-Rad Laboratories (Hercules, CA). Alexa-Fluor 488-conjugated goat anti-mouse IgG (H ϩ L) (FabЈ) 2 fragment was obtained from Invitrogen. The phycoerythrinconjugated anti-BCRP surface mAb 5D3 and the phycoerythrinconjugated IgG2b antibody were from eBioscience (San Diego, CA). The pcDNA3.1 vector containing full-length wild-type human BCRP cDNA was kindly provided by Dr. Susan E. Bates (National Cancer Institute, Bethesda, MD).
Site-Directed Mutagenesis. All mutations were generated by using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The template for mutagenesis was the pcDNA3.1 vector containing full-length wild-type human BCRP cDNA. The polymerase chain reaction-based mutagenesis was performed according to the manufacturer's instructions with the following forward primers: K452A (5Ј-gaa ctc ttt gtg gta gag GCg aag ctc ttc ata cat gaa-3Ј), K453D (5Ј-ctc ttt gtg gta gag aag GaC ctc ttc ata cat gaa tac-3Ј), H457A (5Ј-gag aag aag ctc ttc ata GCt gaa tac atc agc gga tac-3Ј), R465A (5Ј-tac atc agc gga tac tac GCa gtg tca tct tat ttc ctt-3Ј), and K473A (5Ј-tca tct tat ttc ctt gga GCa ctg tta tct gat tta tta-3Ј). The mutated nucleotides are capitalized, and the reverse primers are complementary to the respective forward primers. All mutations were confirmed by DNA sequencing, and the entire BCRP cDNA in each mutant construct was also sequenced to make sure that no additional mutations were introduced during polymerase chain reaction mutagenesis.
Cell Culture and Stable Transfection of Mutant BCRP Constructs into HEK Cells. Parent HEK293 cells obtained from American Type Culture Collection (Manassas, VA) were cultured in MEM containing 10% FBS at 37°C in a humidified incubator with 5% CO 2 . For stable transfection, approximately 2 g of plasmid DNA in 1 ml of serum-free medium was used to transfect 4 ϫ 10 5 cells with 5 l of FuGENE HD transfection reagent in each well of 12-well plates, according to the manufacturer's instructions. After 12 h, cells were incubated in fresh medium containing 10% FBS without G418 for an additional 48 h. Cells were then cultured in 1 mg/ml G418 for 3 days. Subsequently, cells were pooled and subcultured in limited dilutions in 1 mg/ml G418 by frequently removing dead cells and changing medium until G418-resistant colonies appeared. Approximately 3 weeks after transfection, individual cell colonies were isolated and grown with 500 g/ml G418. The BCRP levels in the G418-resistant cell clones were examined by immunoblotting. All of the G418-resistant cell lines were maintained in MEM supplemented with 10% FBS in the presence of 500 g/ml G418 at 37°C in a 5% CO 2 incubator. Cells grown to 80 to 90% confluence were harvested for subculturing, immunoblotting, confocal microscopy analysis, flow cytometric assays, or other functional studies. Only cells within 10 passages were used in these experiments.
Preparation of Plasma Membrane Samples. Plasma membrane samples were prepared essentially the same as described previously (Vethanayagam et al., 2005) with minor modifications. In brief, HEK cells stably expressing wild-type and mutant BCRP and the vector control cells were harvested and resuspended in homogenization buffer [250 mM sucrose, 50 mM Tris/HCl (pH 7.4), 0.25 mM CaCl 2 , and the protease inhibitor cocktail and benzamidine]. Cells were disrupted by N 2 cavitation and centrifuged at 1,900g for 10 min at 4°C. The supernatant was layered over 35% (w/w) sucrose and centrifuged at 100,000g for at least 1 h at 4°C. The interface layer was collected and washed twice with the buffer containing 50 mM Tris/HCl (pH 7.5) and 250 mM sucrose by centrifugation. The membrane pellet was resuspended in the same buffer and passed 20 times through a 27-gauge needle. Protein concentrations of plasma membranes were determined by the Pierce BCA protein assay kit (Thermo Fisher Scientific). Relative levels of BCRP expression in plasma membrane preparations were determined by immunoblotting using the mAb BXP-21 and densitometric analysis after normalization to Na ϩ /K ϩ -ATPase as described below. SDS-Polyacrylamide Gel Electrophoresis and Immunoblotting. Whole-cell lysates or plasma membrane samples were prepared from HEK cell lines stably expressing wild-type and mutant BCRP as described previously (Vethanayagam et al., 2005) . Protein concentrations were measured by the Pierce BCA protein assay kit using bovine serum albumin as standard. Whole-cell lysates (20 g each lane) or plasma membranes (2.5 g each lane) were subjected to SDS-polyacrylamide gel electrophoresis and immunoblotting using the BCRP-specific mAb BXP-21 as described previously (Wang et al., 2008) . Human ␤-actin in whole-cell lysates was detected as an internal control. Human Na ϩ /K ϩ -ATPase in plasma membrane samples was detected as an internal standard in the plasma membranes by using a mouse anti-Na ϩ /K ϩ -ATPase mAb at a 1:2000 dilution. Relative BCRP levels were determined by densitometric analysis of the immunoblots using National Institutes of Health Scion Image software (Scion Corporation, Frederick, MD).
Confocal Microscopy. HEK cells expressing wild-type and mutant BCRP and the vector control cells were seeded in a four-chamber glass slide (Falcon; BD Biosciences Discovery Labware, Bedford, MA) at approximately 5 ϫ 10 5 cells/well. Cells were grown to 80% confluence and washed twice with PBS at room temperature. Cells were then fixed with 4% paraformaldehyde in PBS at room temperature for 30 min, washed twice with PBS, and incubated in PBS containing 0.1% Triton X-100 and 2% horse serum at room temperature for 60 min. Subsequently, cells were incubated with BXP-21 (1:500 dilution in PBS containing 0.1% Triton X-100 and 2% horse serum) for 60 min and washed three times with PBS containing 0.02% Tween 20. Cells were then incubated in the dark with Alexa Fluor 488-conjugated goat anti-mouse IgG (HϩL) (FabЈ) 2 fragment (1:1000 dilution in PBS containing 0.1% Triton X-100 and 2% horse serum) for 1 h. In the same preparations, cell nuclei were stained with 300 nM DAPI. Finally, cells were washed twice with PBS, mounted in Fluoromount G (Southern Biotechnology Associates, Birmingham, AL), and observed at 488-nm excitation and 519-nm emission wavelengths by using a Zeiss TCS SP1 MP multiphoton confocal microscope (Zeiss Microsystems, Exton, PA).
Detection of Cell Surface Expression of Wild-Type and Mutant BCRP Using Flow Cytometry. The flow cytometric assay used to determine cell surface expression of BCRP was essentially the same as described previously (Vethanayagam et al., 2005) . Cells were grown to 80 to 90% confluence, collected, and washed once with PBS. Approximately 5 ϫ 10 5 cells were incubated with the phycoerythrin-conjugated anti-BCRP mAb 5D3 (20 l) or the phycoerythrin-conjugated mouse IgG2b negative control (20 l) in 0.75 ml of PBS containing 2% bovine serum albumin for 30 min at room temperature. Cells were then washed once with PBS and placed on ice in the dark until analysis. Within 1 h, cells were analyzed on a BD FACScan flow cytometer (BD Biosciences, San Jose, CA) equipped with a 488-nm argon laser and a 585/42-nm bandpass filter. A total of 10,000 (10 4 ) events were collected. Cell debris was eliminated by gating on forward versus side scatter. The differences in phycoerythrin fluorescence between cells incubated with 5D3 and the IgG2b control were used to express the relative cell surface expression of wild-type BCRP and its mutants.
Flow Cytometric Efflux Assay. Flow cytometric efflux assays were performed essentially the same as described previously (Vethanayagam et al., 2005) with minor modifications. In brief, HEK cells expressing wild-type and mutant BCRP or the vector control cells were incubated with the following fluorescent compounds: 10 M MX, 500 nM BODIPY-prazosin, or 0.05 g/ml Hoechst33342 in the presence or absence of 10 M FTC for 30 min at 37°C. Cells were then washed and resuspended in 1 ml of fluorescent compound-free incubation buffer with or without 10 M FTC, and incubation was continued for 1 h at 37°C (efflux phase). Cells were immediately washed, resuspended in 1 ml of ice-cold PBS, and kept on ice in the dark. Intracellular fluorescence was measured within 1 h with a 488-nm argon laser and a 650-nm longpass filter for MX and a 488-nm argon laser and a 530-nm bandpass filter for BODIPYprazosin in a BD FACScan flow cytometer. A FACSVantage flow cytometer equipped with a 360-nm UV laser was used to detect Hoechst33342 fluorescence. The difference (⌬F) in median fluorescence between the FTC/efflux and the corresponding efflux histograms was used as a measure of FTC-inhibitable efflux activity of BCRP and its mutants. The efflux activities were normalized to the BCRP levels to take into consideration the differences in BCRP expression. Statistical significance of the differences in efflux activities between wild-type and mutant BCRP was analyzed by Student's t test. A difference with a p value of Ͻ0.05 was considered statistically significant. Cytotoxicity Assay. In brief, cells were seeded in collagen-coated 96-well plates at a density of 4000 to 5000 cells per well with 200 l of MEM supplemented with 10% FBS and 500 g/ml G418. Resistance profiles of HEK cells expressing wild-type and mutant BCRP and the vector control cells to the drug MX, SN-38, Dox, or Rho123 were determined by using the standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide microtiter plate assay as described previously (Vethanayagam et al., 2005) . The concentration ranges of MX, SN-38, Dox, and Rho123 used were 0.001 to 10, 0.0001 to 1, 0.001 to 10, and 0.1 to 200 M, respectively. Time of exposure for all drugs was 72 h. Cells treated with the lowest drug concentrations were set as controls (100% cell survival). IC 50 values were calculated by fitting the following model to the data points using nonlinear regression (Prism, version 3.03; GraphPad Software, Inc., San Diego, CA):
, where I is the cell survival as percentage of the optical density of the control cells, I max is the maximal cell survival, I o is the lowest residual cell survival at the high drug concentrations, C is the drug concentration, ␥ is the slope factor, and IC 50 is the drug concentration leading to 50% cell survival. Relative resistance factors were calculated as the ratios of the IC 50 values of cells expressing wild-type and mutant BCRP to the IC 50 values of the vector control cells. The relative resistance levels were finally normalized to the BCRP expression levels to take into account the differences in BCRP expression. Statistically significant differences in resistance factors between wild-type BCRP and its mutants were analyzed by Student's t test. A difference with a p value of Ͻ0.05 was considered significant.
Vanadate-Sensitive ATPase Activity. Vanadate-sensitive ATPase activities were determined as described previously (Mao et al., 2004) . In brief, reactions were initiated by mixing plasma membranes (5 g of protein per reaction) with 100 l of the reaction buffer containing 50 mM HEPES (pH 7.0), 5 mM MgCl 2 , 10 mM Na 3 N, 2 mM EGTA, 2 mM ouabain, and varying concentrations of MgATP up to 5 mM in the presence or absence of 1 mM sodium orthovanadate and maintained at 37°C for 30 min. Reactions were terminated by adding 6% SDS, and the liberation of inorganic phosphate (Pi) was measured immediately by detecting the optical density at 650 nm. The differences between ATPase activities determined in the absence and presence of vanadate were used to express vanadate-sensitive ATPase activities. Vanadate-sensitive ATPase activities of wildtype and mutant BCRP were then calculated by subtracting the background activities of the vector control from those of wild-type and mutant BCRP samples. The K m and V max values for ATP hydrolysis were estimated by fitting the Michaelis-Menten equation to the data points by using nonlinear regression (GraphPad Prism, version 3.03) .
Determining the Effects of Prazosin on the Binding of 5D3 to Wild-Type and Mutant BCRP. The same procedure as for detection of BCRP cell surface expression was used in the absence and presence of increasing concentrations (0.1-100 M) of prazosin.
In preliminary experiments, we incubated cells with 5D3 and prazosin for up to 2 h, and the fluorescence did not change compared with incubation for 30 min. Therefore, the incubation time used in this assay was 30 min. The final concentration of dimethyl sulfoxide used to dissolve prazosin was less than 1% (v/v), and no effects of the vehicle on fluorescence detection were observed at this concentration. The normalized differences in fluorescence (⌬F/F 0 ) between the cells incubated with 5D3 in the presence of prazosin and 5D3 alone (F 0 ) were used to express the concentration-dependent effects of prazosin on the binding of 5D3 to wild-type and mutant BCRP. The apparent equilibrium dissociation constant (K s ) of the prazosin complex with wild-type or mutant BCRP was estimated according to the Michaelis-Menten analysis (⌬F/F 0 ) ϭ (⌬F/F 0 ) max ϫ [prazosin]/([prazosin] ϩ K s ) by nonlinear regression (GraphPad Prism, version 3.03), where [prazosin] is the concentration of prazosin.
Limited Trypsin Digestion of Wild-Type and Mutant BCRP. To provide additional evidence that point mutations may cause conformational changes in BCRP, we performed limited trypsin digestion analysis of plasma membranes as below. Plasma membrane preparations were diluted to 0.5 g/l in the buffer (50 mM Tris/HCl, pH 7.5, and 250 mM sucrose) and incubated at 37°C for 15 min with diphenylcarbamyl chloride-treated trypsin at trypsin/protein ratios ranging from 1:10,000 to 1:10 (w/w). Trypsin digestion was then stopped by adding the Laemmli sample buffer containing 10 mM phenylmethylsulfonyl fluoride and leupeptin (16 g/ml), and the samples were immediately subjected to SDS-polyacrylamide gel electrophoresis on a 4 to 15% gradient gel (Bio-Rad Laboratories) with 2 g of plasma membrane protein per lane. Immunoblotting was performed with the mAb BXP-21, and the intensity of BCRP bands was determined by densitometric analysis of the immunoblots using National Institutes of Health Scion Image software as described above.
Homology Modeling and Molecular Docking of BCRP. The substrate-bound inward-facing form of mouse P-gp (Aller et al., 2009 ) (Protein Data Bank ID code 3G60) was used as a full-length template for homology modeling. Homology modeling was performed based on the membrane topology structure of BCRP we recently determined (Wang et al., 2008) as described previously (M. F. Rosenberg, Z. Bikadi, J. Chan, X. Liu, Z. Ni, X. Cai, R. C. Ford, and Q. Mao, submitted for publication).
To identify the potential interaction mode of substrates with BCRP and determine whether the basic residues analyzed in this study might be directly involved in substrate binding, molecular docking of MX, prazosin, SN-38, and Hoechst33342 to the substratebound and nucleotide-free inward-facing model of BCRP was per- formed by using DockingServer (www.dockingserver.com). We have shown that 80% of the first-rank docking results are most similar to the experimental data using the same DockingServer methodology (Bikadi and Hazai, 2009 ). All of the docking calculations described here involved flexible docking of the substrates to the rigid receptor, which is the BCRP model in this study. In brief, input structures of both the substrates and the BCRP model were prepared by using the PM6 charges calculated with MOPAC2009 software (Stewart, 2009) . Semiempirical assignments were performed by using the PM6 method by the Mozyme function of the MOPAC2009 program integrated in DockingServer. Docking calculations were then performed by using AutoDock 4 (Huey et al., 2007) integrated in DockingServer. Grid parameter files were built, and atom-specific affinity maps were constructed by using the built-in AutoGrid 4 program (Huey et al., 2007) . These map files were generated by using 80 ϫ 80 ϫ 80 grid points and 0.375-Å spacing, with the maps centered on the TM region of BCRP. Docking simulations were carried out by using the Lamarckian Genetic Algorithm. The initial position, orientation, and torsions of the substrate molecules were set randomly, and all rotatable torsions were released during docking. Each docking experiment was derived from 100 different runs that were set to terminate after a maximum of 10,000,000 energy evaluations and had a population size of 500. The conformer with the lowest docking energy calculated with AutoDock 4 scoring function was selected as the final binding conformation of BCRP for these substrates, and the higher ranked results were not considered in this study. (Fig. 1, A and B ). Lys 452 is at the extracellular membrane interface of TM2 (Fig. 1B) . These basic residues are strictly conserved in the human, mouse, rat, monkey, bovine, and porcine orthologs of BCRP (Fig. 1D ). Although they are not fully conserved in the human ABCG subfamily members, most of them seem to share certain common characters, either the same charge or a high polarity (Fig. 1D) . Helical wheel projection indicates that TM2 is highly amphiphatic with Lys 453 , His 457 , Arg 465 , and other hydrophilic residues concentrating on one face of the TM2 ␣-helix and relatively hydrophobic residues on the opposite face (Fig. 1C) The pcDNA3.1 vectors containing cDNAs of wild-type and mutant BCRP were used to stably transfect HEK cells, and stable cell lines were generated by limited dilution and selection in G418. Expression levels of BCRP mutants relative to wild-type protein in the stable cell clones were determined by immunoblotting. The resultant single stable cell clones (10 -15 for each mutant) expressed substantially variable levels of BCRP, and only the clones expressing the highest levels of BCRP were maintained for subsequent studies. Endogenous BCRP in HEK cells transfected with the empty vector was not detectable under the conditions used (Fig. 2A) . The expression levels of the mutants K452A, K453D, H457A, R465A, and K473A, determined by immunoblotting of wholecell lysates using ␤-actin as an internal standard, were approximately 0.74-, 2.56-, 0.24-, 3.87-, and 1.56-fold that of wild-type BCRP (Fig. 2, A and B) . The expression levels of wild-type and mutant BCRP determined in whole-cell lysates and the respective plasma membrane preparations were comparable (Fig. 2C) .
Results

Expression of
Plasma Membrane Localization and Cell Surface Expression of Wild-Type and Mutant BCRP in HEK Cells. To explore whether plasma membrane localization of the mutants might be affected, the stably transfected HEK cells were examined by immunofluorescent confocal microscopy using the BCRP-specific mAb BXP-21. Strong plasma membrane staining of green fluorescence was observed in cells expressing wild-type or mutant BCRP, with little intracellular signal (Fig. 3) , suggesting that all of the mutants were predominantly targeted to the plasma membrane of HEK cells and did not appear to affect BCRP folding and trafficking.
To further determine cell surface expression of wild-type and mutant BCRP, cells were stained with the phycoerythrin-conjugated BCRP-specific mAb 5D3, which recog- Immunoblotting analysis of the expression levels of wild-type and mutant BCRP. The expression levels of wild-type and mutant BCRP in stably transfected HEK cells were determined by immunoblotting and densitometric analysis as described. A, a representative immunoblot of whole-cell lysates for wild-type BCRP and the mutants K452A, K453D, H457A, R465A, and K473A. The numbers below the blot refer to the average protein expression levels of wild-type and mutant BCRP after normalization to ␤-actin. B, the relative protein levels of wild-type and mutant BCRP determined by immunoblotting of whole-cell lysates are presented as means Ϯ S.D. of three independent experiments. C, a representative immunoblot of plasma membrane samples for wild-type and mutant BCRP. The numbers below the blots refer to the average levels of the mutants relative to wild-type BCRP after normalization to Na (Fig. 4) . Wild-type and mutant BCRP all showed significant cell surface expression that was generally consistent with the immunoblotting data (Fig. 2) .
FTC-Inhibitable Efflux Activities of Wild-Type and Mutant BCRP. We next examined whether mutations of these basic residues affect BCRP activity by using a flow cytometric efflux assay with three fluorescent substrates, MX, BODIPY-prazosin, and Hoechst33342. FTC, a specific inhibitor for BCRP, was used at 10 M at which BCRP activity could be completely inhibited. This assay has been widely used to assess BCRP efflux activity Vethanayagam et al., 2005) . The intracellular fluorescence of the three substrates in cells expressing wild-type and mutant BCRP was increased by the addition of FTC; however, FTC did not significantly affect the intracellular fluorescence in the vector control cells (Table 1) . This suggests that all five mutants were able to transport MX, BODIPY-prazosin, and Hoechst33342. After normalization to the BCRP levels of whole-cell lysates, statistically significant differences in efflux activities for all three substrates were noticed for K452A, K453D, H457A, and R465A compared with wild-type protein. Efflux activities of K473A were not significantly changed. Thus, the efflux activities of K452A and H457A were significantly increased 2-to 6-fold, whereas the activities of K453D and R465A were decreased by 40 to 60%, depending on substrate (Table 1) . Notably, the activities of H457A for BODIPY-prazosin and Hoechst33342 were increased 3-to 6-fold, but its activity for MX was increased only 1.7-fold. We used the BCRP levels of whole-cell lysates, but not those of plasma membranes, in the calculations for three reasons. First, all of the mutants were expressed predominantly on the plasma membrane (Fig. 3) . Second, unlike whole-cell lysates, plasma membranes were prepared through cell breakage and multiple centrifugation steps that could introduce more variations. Third, the BCRP levels of whole-cell lysates were validated by using a soluble protein ␤-actin as an internal standard.
Drug Resistance Conferred by Wild-Type and Mutant BCRP. To further explore whether the mutations affect relative drug resistance of BCRP, we performed the cytotoxicity assay with MX, SN-38, Dox, and Rho123 on HEK cells expressing wild-type and mutant BCRP. The results are summarized in Table 2 . Compared with the vector control cells, cells expressing wild-type and mutant BCRP were resistant to MX and SN-38, but not to Rho123 and Dox. These results are consistent with previous observations that Rho123 and Dox are not substrates of wild-type BCRP (Robey et al., 2003; Vethanayagam et al., 2005) . After normalization to the BCRP levels, the IC 50 values of cells expressing K452A, K453D, H457A, and R465A for MX and SN-38 were significantly different from those of cells expressing wild-type BCRP, whereas the IC 50 values of cells expressing K473A and wildtype protein were comparable. Thus, the relative levels of resistance of K452A and H457A to MX were increased approximately 2-to 3-fold compared with wild-type protein, whereas those of K453D and R465A to MX were decreased by 30 to 70%. Likewise, the relative levels of resistance of H457A to SN-38 were increased approximately 3-fold, whereas those of K453D and R465A to SN-38 were decreased by 50 to 60%. However, the relative levels of resistance of K452A to SN-38 did not change much. We did not calculate the relative levels of resistance to Dox and Rho123 as all of the mutants did not confer any resistance to the two drugs. MX was used in both the efflux and drug resistance studies, and the results were in good agreement.
ATPase Activities of Wild-Type and Mutant BCRP. We then examined whether the altered transport properties of the mutants might possibly be caused by changes in ATP hydrolysis by these mutants. We first determined vanadatesensitive ATPase activities of the plasma membrane samples of wild-type and mutant BCRP or the vector control. The ATPase activities attributable to wild-type and mutant BCRP were then calculated by subtracting the background of vanadate-sensitive ATPase activities in the vector control. ATP concentration-dependent vanadate-sensitive ATPase activities of wild-type and mutant BCRP are shown in Fig. 5 . The kinetic parameters K m and V max of wild-type and mutant BCRP for ATP hydrolysis were estimated by fitting to the Michaelis-Menten equation to the data points and are shown in Table 3 . The K m values of K453D, R465A, and K473A were comparable with that of wild-type protein; however, the K m values of K452A and H457A were decreased by approximately 50 and 70%, respectively, suggesting that these two mutations, particularly the one at position 457, increased the binding affinity of ATP to BCRP. The K m value of wild-type BCRP was comparable with that reported previously (Pozza et al., 2006) . After normalization to the BCRP levels, the V max values of K453D and R465A were approximately 60% lower than that of wild-type BCRP, whereas the V max values of other mutants did not change. As a result, the V max /K m values of K452A and H457A were increased approximately 2- et al., 2008) . We speculate that such substrate or inhibitor binding induced conformational changes may be affected by the mutations, thus contributing to the altered transport and/or ATPase activity. Therefore, the binding of 5D3 to wild-type and mutant BCRP was measured in the absence and presence of varying concentrations of prazosin, a model substrate of BCRP. When cells expressing wild-type BCRP were incubated with the IgG2b control antibody, prazosin at up to 100 M did not affect the phycoerythrin fluorescence (data not shown). In addition, when the pcDNA vector control cells were incubated with 5D3, the addition of prazosin did not change the phycoerythrin fluorescence much (Fig. 6 ). This suggests that prazosin itself had FTC-inhibitable efflux activities of HEK cells expressing wild-type and mutant BCRP for mitoxantrone, BODIPY-prazosin, and Hoechst33342 are expressed as the differences in the median fluorescence (⌬F) between the FTC/efflux histograms and the respective efflux histograms. ⌬FЈ represents the differences in the median fluorescence after normalization for differences in BCRP expression level. Shown are means Ϯ S.D. of three to six independent experiments. The relative efflux activities of the mutants as compared with wild-type BCRP after normalization to the BCRP expression levels are presented as ratios on which the activities of wild-type BCRP are set as 1. The relative BCRP levels determined by immunoblotting of whole-cell lysates shown in Fig. 2A were used for the calculations. The differences between the efflux activities of wild-type and mutant BCRP after normalization to the BCRP protein expression levels are statistically significant: ‫,ء‬ P Ͻ 0.05 by Student's t test. at ASPET Journals on June 20, 2017 jpet.aspetjournals.org Downloaded from no effect on phycoerythrin fluorescence. However, the addition of prazosin differentially increased the binding of 5D3 to wild-type BCRP, K452A, K453D, H457A, and R465A in a concentration-dependent manner (Fig. 6) , suggesting that the binding equilibrium between prazosin and BCRP could be monitored by measuring the binding of 5D3 to the transporter. Thus, the apparent dissociation constants of the prazosin complex with wild-type or mutant BCRP were estimated to be 5.3 Ϯ 1.1, 14.7 Ϯ 2.3, 3.1 Ϯ 0.4, 20.1 Ϯ 4.0, and 6.7 Ϯ 1.8 M for wild-type BCRP, K452A, K453D, H457A, and R465A, respectively. In contrast, prazosin only slightly decreased, rather than increased, the binding of 5D3 to K473A at low concentrations. These data suggest that the interactions of prazosin with BCRP and the consequent substrate binding induced conformational changes can be differentially affected by replacing these basic residues. Limited Trypsin Digestion of Wild-Type BCRP and the Mutants H457A and K473A. It has previously been shown that conformational changes in MRP1 induced by point mutations (Leslie et al., 2003) or in P-gp caused by singlenucleotide polymorphisms (Kimchi-Sarfaty et al., 2007) could be detected by limited trypsin digestion of membrane preparations caused by changes in exposure of trypsin cleavage sites. Therefore, to provide additional evidence of conformational changes in the BCRP mutants, we performed limited trypsin digestion of plasma membrane preparations of wild-type BCRP and two representative mutants H457A and K473A that showed significant changes in the pattern of 5D3 binding (Fig.  6) . We compared their relative susceptibility to trypsin cleavage. We found that significant trypsin cleavage of wild-type BCRP began to occur at a trypsin/protein ratio of 1:250 because the BCRP fraction at this ratio decreased to 0.7 (Fig. 7A) . In contrast, significant trypsin cleavage of both H457A and K473A began to occur at a trypsin/protein ratio of 1:100 (Fig. 7, B and C). These results suggest that the mutants are more resistant to trypsin digestion than wild-type BCRP by a factor of approximately two to three. These results again imply that there are small differences in tertiary structure between the mutants and wild-type BCRP. Interestingly, increased resistance to trypsin digestion has also been reported for MRP1 mutants (Leslie et al., 2003) and P-gp single-nucleotide polymorphisms (KimchiSarfaty et al., 2007) .
Structural Models of the BCRP-Substrate Complexes. Owing to the lack of high-resolution crystal structures, we built a BCRP homology model by using the crystal structure of P-gp (Aller et al., 2009 ) as a template. Because BCRP shares a low sequence similarity with P-gp, the sequence alignment of the MSD between BCRP and P-gp was essentially based on the topology structure of BCRP we recently determined (Wang et al., 2008) . The BCRP model generated represents the substrate-bound and nucleotidefree inward-facing conformation of the transporter (Fig. 8A) .
Based on the BCRP model, there is a large central cavity in which all the TMs appear to participate (Fig. 8A) . To understand whether the residues analyzed in this study might be directly involved in BCRP-substrate interaction, we performed docking calculations of MX, prazosin, and Hoechst33342 to the BCRP model. The four substrates may share highly overlapping, but distinct, binding sites ( Fig. 8C and Supplements 1-3). The putative binding sites all are located in the central cavity in the middle of lipid bilayer, and apparently at least two substrate molecules could bind simultaneously based on the size of the central cavity. Similarly, the crystal structures of P-gp complexed with two large ligands indicate that two substrates can bind simultaneously to P-gp at the drug-binding sites (Aller et al., 2009 ). The best-ranked calculated docking poses demonstrate interactions of the four substrates with residues from all of the TM ␣-helices. Of the five basic residues, His 457 and Arg 465 , but 
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R482T exhibited markedly increased resistance to MX (Miwa et al., 2003; Robey et al., 2003) . The natural variant of bovine ABCG2, Y581S, at position 581 within TM5 also showed a 1.4-fold increase in MX efflux (Merino et al., 2009) . It is worth noting that K452A and H457A are not selected during evolution. In contrast, substitutions of Lys 453 and Arg 465 with Asp (K453D) or Ala (R465A) caused a nonselective global reduction in BCRP activity (Tables 1 and 2) . Similarly, one earlier study showed that mutation of His 630 within TM6 to Glu or Leu reduced resistance of BCRP to MX and SN-38 by 50% (Miwa et al., 2003) . Conversion of Lys 473 to Ala had no significant effect on BCRP activity. These results suggest that certain basic residues within or near TM2 are important for BCRP activity.
The exact mechanism by which these mutations affect BCRP activity is not known. (Popot and Engelman, 2000) . Because Glu 585 is located at the extracellular membrane interface of TM5, this potential salt bridge might play an important role in the linkage of TM2 of one BCRP monomer with TM5 of the opposite monomer, leading to formation of the inward-facing form of the BCRP dimer that is closed from the extracellular side. Substitution of Lys 453 with Asp would abolish the salt bridge and affect the shape of substrate binding sites and the conformation of BCRP, leading to an overall loss of transport activity. We will test this possibility in future work. Lys 452 and Lys 473 are located at the membrane interfaces of TM2 and not directed toward the central cavity, and thus do not appear to participate in substrate binding ( Fig. 8 and Supplements 1-3 (Tables 1-3 ) even though they are next to each other in protein sequence. According to the BCRP model, the side chains of Lys 452 and Lys 453 point toward the outside and inside of the drug translocation pathway, respectively. Thus, the two Lys residues do not seem to have a strong interaction with each other.
K452A and H457A were associated with a 50 to 70% decrease in K m and a 2-to 5-fold increase in V max /K m for ATP hydrolysis, whereas the V max /K m values of K453D and R465A were decreased by 40 to 70%, and the K m values of K453D and R465A did not change much (Table 3 ). This suggests that ATP binding affinity and/or the efficiency of ATP hydrolysis are increased for K452A and H457A, but decreased for K453D and R465A, thus affecting BCRP activity accordingly. It is not uncommon that mutations in a MSD of an ABC transporter could affect interaction with ATP and thus transport activity. For example, replacing a Pro residue in the third MSD of MRP1 with Ala caused an increase in transporting 17␤-estradiol 17␤-D-glucuronide that was associated with a 4-fold decrease in K m for ATP (Koike et al., 2004) . More importantly, the K m and V max /K m values for basal ATPase activity of R482T with a similar gain of function have also been shown to be decreased and increased, respectively (Pozza et al., 2006) . As to why mutations of these basic residues affect ATPase activity is not known. By analyzing projection structures of BCRP from two-dimensional crystals, we have provided direct evidence that the presence of a BCRP substrate can induce conformational changes (M. F. Rosenberg, Z. Bikadi, J. Chan, X. Liu, Z. Ni, X. Cai, R. C. Ford, and Q. Mao, submitted for publication). Substrate binding may set BCRP to an intermediate state in the transport cycle, which might be critical for its overall transport activity. It might be possible that, in addition to the direct effects on BCRP-substrate interactions at the drug binding sites as discussed above, mutations of the basic residues cause subtle conformational changes in BCRP at a distance. If this is the case, such changes could alter substrate binding-induced state transition of BCRP in the transport cycle, thus contributing to the altered drug binding, transport, and/or ATPase activity. In support of this hypothesis, we demonstrated concentration-dependent effects of prazosin on 5D3 binding to wild-type and mutant BCRP. The 5D3 antibody recognizes a conformation-sensitive extracellular epitope in BCRP. Prazosin differentially increased 5D3 binding to wild-type BCRP, K452A, K453D, H457A, and R465A, but had little effect on 5D3 binding to K473A (Fig. 6) . Intriguingly, the apparent dissociation constant of the prazosin complex with K452A or H457A was increased approximately 3-to 4-fold compared with wild-type BCRP, suggesting that the association rate of prazosin to BCRP may be decreased and/or prazosin could dissociate from the BCRP-prazosin complex more readily. Given the nature of gain of function associated with K452A and H457A, a similar observation was reported in which R482T was shown to be much less intensively photolabeled by a photoactive analog of Rho123 than wild-type BCRP (Alqawi et al., 2004) , indicating the binding affinity of the photoactive substrate to R482T was decreased even though R482T can effectively transport Rho123, but wild-type BCRP cannot. It is worth noting that subtle conformational changes may occur even in mutants that do not show apparent functional changes. K473A appears to be the case that revealed a completely different pattern of 5D3 binding (Fig. 6 ) and increased resistance to trypsin digestion (Fig. 7) compared with wild-type protein, but showed no activity changes. At present, it is impossible to describe exactly what conformational changes may be caused by mutations of these basic residues.
In general, the experimental data of this study appear to be in good agreement with the results of homology modeling and docking calculations. Docking calculations provided additional insight into BCRP-substrate interactions. In addition to His 457 and Arg 465 , other polar residues, Ser 461 and Tyr 464 of TM2, and Asn 629 of TM6, might form hydrogen bonds with MX (Fig. 8, B and C) . Other substrates were calculated to form hydrogen bonds with different combinations of polar residues such as Arg 482 of TM3 and Ser 622 and Trp 627 within or near TM6 (Supplements 1-3 ). This might be caused by the central binding cavity that is large enough to allow individually distinct, but partially overlapping, binding interactions for different substrates. Similarly, recent crystal structures of P-gp have shown that two different ligands can bind simultaneously to P-gp at partially overlapping, but distinct, sites in the same binding pocket (Aller et al., 2009 ). The existence of a similar large drug binding pocket in a BCRP dimer may explain why the mutation of His 457 revealed the obviously differential effects on the efflux of different substrates (Table 1 ) and the earlier observation that two different substrates did not reciprocally inhibit the efflux of the other (Nakanishi et al., 2003) . In addition, the involvement of a large number of hydrophobic residues in substrate interactions (e. for MX) suggests that the nature of substrate binding may not be solely based on hydrophilic interactions (Fig. 8, B and C). We realize that the results of docking calculations should be interpreted with caution when a homology model possessing a low sequence identity to the template is used. Clearly, more extensive mutagenesis studies are required in future work to validate the functional importance of the residues predicted in docking calculations. In summary, this study demonstrates that certain basic resides within or near TM2 of BCRP may play an important role in BCRP-substrate interaction. TM2 of BCRP, along with other TMs, might form the large central drug binding cavity and the substrate translocation pathway as predicted by homology modeling and docking calculations. Further mutagenesis studies are needed to verify the predicted features.
